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National security reports suggest that the U.S. is vulnerable to biological 
attack in a variety of agricultural sectors including food production, food 
processing, and food distribution systems (Harl, 2002).  To increase 
preparedness for investigation of such attacks, a national capability in microbial 
forensics is needed.  Forensic detection assays must be developed and validated 
for use with animal and plant pathogens, as well as environmental samples of the 
type that may be associated with agricultural settings (Fletcher et al., 2006). 
 There is also concern that the lack of monitoring in most U.S. cropping 
systems may result in long lag periods between the time that a pathogen is 
introduced and the discovery of the ensuing disease (Madden and Wheelis, 
2003; Nutter and Madden, 2009).  Such lag periods may provide ample time for 
the pathogen to undergo evolutionary change within regions of the genome that 
are commonly used in forensic microbe-typing assays such as multiple-locus 
variable number tandem repeat (VNTR) analysis (MLVA) and multilocus 
sequence typing (MLST).  To prepare for possible biological attacks on U.S. 
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agriculture it is important to assess the capability of these commonly used 
microbial fingerprinting techniques to reliably type pathogens exposed to such 
conditions. 
The objectives of the research detailed in this work are to: 
1. Develop and validate a real-time PCR assay for bioforensic detection of 
the plant pathogenic bacterium Pseudomonas syringae pv. tomato. 
 
2. Evaluate the degree and rates of evolutionary change in Pseudomonas 
































REVIEW OF THE LITERATURE 
 
The events of September 11, 2001 and the subsequent anthrax mail attacks 
demonstrated that the United States is vulnerable to terrorist activity.  As a result, 
the U.S. government has undertaken new security programs aimed at identifying 
and blocking the various avenues by which terrorists may try to commit such 
attacks in the future (Cupp et al., 2004).   
 The U.S. is vulnerable in a variety of areas, including in the agricultural 
sector where food production, food processing, and food distribution systems are 
susceptible to the threat (Harl, 2002).  Agricultural systems are particularly 
vulnerable to attack by bioterrorists because they are of significant importance to 
the national economy and because certain agricultural practices, such as factory 
farming and cultivation of crop monocultures, have increased the potential 
impacts of such attacks (Foxell, 2001; Madden & Wheelis, 2003).  The impacts of 
a biological attack on the U.S. agricultural sector, which could include reduced 
consumer confidence in the national food supply, food shortages and severe 
economic consequences, could be devastating (Cupp et al., 2004; Monke, 2007).
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To discourage attacks on U.S. agriculture new regulations are being 
implemented at the production level and harsh criminal penalties have been put 
in place to serve as deterrents to would-be terrorists (Schneider et al., 2005).  A 
national bioterrorism response plan, including increased microbial forensics 
capabilities, also is being developed to deal with the aftermath of a biological 
attack should one occur (Wheelis et al., 2002; Meyerson & Reaser, 2002).  To 
prepare for the investigation of a biological attack on the nation’s agriculture 
system, forensic assays must be developed and validated for use with animal 
and plant pathogens, as well as with environmental samples of the types that 
may be associated with agricultural settings (Fletcher et al., 2006).    
Bioterrorism 
 Bioterrorism is defined as the “use of pathogens or toxins as weapons in 
an attack on the innocent to create fear, intimidate, inflict harm, and/or affect 
economic well-being” (Budowle et al., 2005b).  Bioterrorist attacks are able to 
generate such reactions in part because of their unpredictability; an attack may 
occur anytime, anywhere, and with any of a number of different bioweapons 
(Lane et al., 2001).  A bioweapon is any pathogen or biologically-derived toxin 
that has serious implications for the health of humans, animals, or plants, and 
whose use can significantly affect the healthcare, social stability, political 




 An act of bioterrorism can be further classified based on its intended 
target.  A direct attack on an individual is referred to as a biocrime, while the use 
of a biological weapon against a government or in war is known as biowarfare 
(Bronze et al., 2005).  A third type of bioterrorism, known as agroterrorism, is 
aimed at negatively impacting the health of livestock or economically important 
plants (Bronze et al., 2005).   
Agroterrorism 
 Agroterrorism is defined as the purposeful introduction of a pathogen or 
pest against livestock or into the food supply in order to generate fear or weaken 
stability (Chalk, 2001).  Acts of agroterrorism include the introduction of pests to 
kill food sources, the dissemination of pathogens of economically important 
plants or livestock, the poisoning of food supplies or water sources, and the use 
of food-borne pathogens to cause illness in humans (Foxell, 2001).    
Agroterrorism is a unique form of bioterrorism because it affects not only the food 
chain, but also the public’s confidence in those foodstuffs.  Furthermore, an 
attack on the agricultural system of the U.S. could have a worldwide impact by 
affecting commodity pricing, export practices, and the confidence of global 
markets in U.S. products (Cupp et al., 2004).      
History 
 Though agroterrorism is sometimes considered to be a new threat, attacks 
on agricultural production have been carried out by various groups, both civilian 
and governmental, throughout the last 2,000 years (Carabin et al., 2005).  In the 
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20th century alone, agricultural bioweapons are known to have been developed 
by at least 9 countries, including France, Germany, and the U.S. (Monke, 2007).  
Examples of state-sanctioned agroterrorism activities include Germany’s 
infection of Allied horses with glanders during World War I and the infection of 
hooved livestock with the rinderpest virus by Japanese forces during World War 
II.  The most notable incident of civilian agroterrorism was carried out by the 
Rajneeshee cult in 1984, and involved the contamination of multiple restaurant 
salad bars in Oregon with Salmonella in an attempt to prevent people from voting 
in a local election (Monke, 2007; Carus, 2002).    
Vulnerability 
 Several factors influence the vulnerability of the U.S. agriculture system, 
including the economic importance of the agricultural industry, the geographical 
concentration of livestock production, the dispersed nature and infrequent 
surveillance of crop systems, increased reliance on chemical pest control 
methods, low crop diversity, and the threat of foreign pathogens not yet found in 
the U.S. (Foxell, 2001; Madden & Wheelis, 2003).   
 The U.S. agricultural market is a major element of our national economy.  
U.S. agriculture accounts for roughly 5% or $690 billion of the gross domestic 
product and may account for up to 17% of employment (USDA-ERS, 2010; 
Madden & Wheelis, 2003).  Additionally, U.S. agriculture is the largest contributor 
to the national trade balance, contributing $50 billion annually to the global 
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economy (Parker, 2002).  The possible upset of multiple economic sectors surely 
makes agricultural systems desirable targets for bioterrorists. 
 The main vulnerability of livestock-based agricultural systems is their 
geographical concentration.  Over 80% of all feedlot cattle in the U.S. are located 
in the Southwest and Midwest states, 75% of swine are concentrated in the 
Midwest, and 80% of all meat chickens are produced in the Southeast states 
(Breeze, 2004).  The grouping of livestock into relatively small land areas makes 
it possible to wipe out the majority of the livestock in a region by introducing only 
a small number of infected animals (Foxell, 2001).  The use of factory farming 
practices that group large numbers of animals into a single facility also increases 
the vulnerability of livestock to attack and the impact of a pathogen introduction 
(Gewin, 2003).  Furthermore, the spread of a purposefully introduced animal 
pathogen could be aggravated by the long distance movement of livestock from 
farm to market (Chalk, 2004).     
 In contrast to livestock, crops are vulnerable to attack because they are 
grown over very large geographical areas, making security and continuous 
monitoring nearly impossible.  For this reason, crops are considered to be “soft 
targets” for agroterrorists because if one is careful there is little chance of being 
caught in the act (Foxell, 2001; Hickson, 1999).  The overall lack of monitoring in 
crop systems may also lead to long lag periods between the time that a pathogen 
is introduced and discovery of the subsequent disease, thus decreasing the 
likelihood of successful disease control and criminal attribution (Madden & 
Wheelis, 2003; Nutter & Madden, 2009).   
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 Adding to the vulnerability of cropping systems is their low genetic 
diversity and farmers’ heavy reliance on chemical pest control methods.  In the 
U.S., many high value crops are grown as single cultivars, or monocultures, that 
are uniformly susceptible to a given pathogen (Foxell, 2001).  Thus, the 
possibility exists that an agroterrorist could incite a region-wide pandemic 
through the introduction of a single pathogen (Rogers et al., 1999).  Heavy 
dependence by growers on herbicides and pesticides to manage diseases in 
such monocultures has led to the natural evolution of herbicide- and pesticide-
tolerant pathogens whose introduction would be extremely destructive (Foxell, 
2001).   
   Lastly, various exotic animal and plant pathogens that occur elsewhere 
but have not yet entered the U.S. could be obtained easily from foreign sources 
and, once introduced and established, could spread quickly due to the lack of 
natural immunity (Foxell, 2001).  Deliberate introduction of a foreign pathogen 
could be relatively easy because of the long, unguarded borders that exist 
between the U.S. and its neighboring countries (Madden & Wheelis, 2003).  
Furthermore, it may be possible to introduce a foreign pathogen in the U.S., 
without even entering the country by releasing spores from across the border or 
contaminating seed before it is imported (Madden & Wheelis, 2003; Condon, 




 Most agriculturally important pathogens can be grouped into 6 categories: 
viruses, viroids, bacteria, fungi, oomycetes, nematodes, and parasitic plants.  
Agroterrorism may involve pathogens of animals, plants, or humans, as well as 
zoonotic pathogens that can be transmitted from animals to humans (Cupp et al., 
2004). 
 Animal diseases, both species-specific and zoonotic, are classified by the 
World Organization for Animal Health (OIE) based on their ability to spread, their 
potential health consequences, and the socioeconomic impacts that their 
intentional or accidental release could have on the global economy (Cupp et al., 
2004).  Diseases reportable to the OIE include anthrax, foot and mouth disease, 
and West Nile fever, among others (OIE, 2009). Pathogens that cause diseases 
on the OIE list are among the animal pathogens most likely to be employed by 
agroterrorists due to their ease of dissemination, high target mortality rates, and 
ability to cause social and economic disruption (Carabin et al., 2005; Cupp et al., 
2004).   
 A bioterrorist seeking to target cropping systems would have a vast array 
of pathogens from which to choose.  More than 50 thousand diseases affect 
plants in the U.S. alone, with many more occurring in foreign locales (Nutter & 
Madden, 2005).  Furthermore, yield and quality can be negatively affected, in any 
given crop, by 5-20 serious plant pathogens, many of which also are able to 
infect harvested crop material (Nutter & Madden, 2005; Madden & Wheelis, 
2003; Cupp et al., 2004).  American cropping systems are especially vulnerable 
to exotic pathogens because cultivars are typically bred for protection against 
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only endemic pathogens (Nutter & Madden, 2005).  Bioterrorists may also 
choose to employ toxin-producing plant pathogens that not only cause disease in 
plants, but affect human health as well (Nutter & Madden, 2009).          
Potential Impacts 
 Potential impacts of the deliberate introduction of an animal or plant 
pathogen into the U.S. agricultural sector could include decreased confidence in 
the national food supply, food shortages, and most importantly, economic losses 
due to lost production, containment costs, loss of export markets, and secondary 
effects on agriculturally-dependent businesses (Cupp et al., 2004; Monke, 2007).   
 A biological attack on U.S. agriculture is sure to evoke feelings of fear and 
anxiety in the general public (Chalk, 2004).  As anxiety about the safety of the 
national food supply increases, consumers are likely to lose confidence in 
infected or potentially infected foods and instead turn to less popular but 
presumably safe items.  However, an increase in demand for alternative 
foodstuffs could result in higher prices, and ultimately in shortages of safe and 
nutritious food (Monke, 2007).  Food shortages could also lead to social 
disruption and erosion of the public’s faith in the government to control the 
situation (Chalk, 2004).     
 While social instability is an important effect of an act of agroterrorism, 
especially in 3rd world nations, the most important consequence in the U.S. is 
likely to be disruption caused by financial losses at multiple economic levels 
(Chalk, 2004).  First, direct costs would be incurred by containment measures, 
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such as pesticide applications and drug treatments, and the eradication of 
diseased crops or animals as well as the value of lost production.  Second, 
international trade markets could be negatively affected by import restrictions and 
protective embargoes.  Lastly, economic losses could occur due to decreased 
revenues for agriculturally-dependent businesses such as food manufacturers, 
farm suppliers, and transportation services (Monke, 2007; Chalk, 2004).  
Prevention and Response 
 The events of 9/11 and the subsequent anthrax attacks demonstrated the 
vulnerability of the U.S. to attack by terrorists.  In recent years, considerable 
efforts have been aimed at reducing the vulnerability of various economic 
sectors, including agriculture and food production (Wheelis et al., 2002).  In an 
effort to expand the U.S.’s ability to prevent bioterrorist attacks, Congress passed 
the Public Health Security and Bioterrorism Preparedness and Response Act of 
2002 (Schneider et al., 2005).  The Bioterrorism Act designates the U.S. Food 
and Drug Administration (FDA) as the responsible party in:  the development and 
implementation of regulations for the registration of food production facilities, 
tracking the shipment of foods into the U.S., establishment and maintenance of 
records used to determine the sources and recipients of food shipments, and 
detaining food shipments should they pose health risks to humans or animals 
(FDA, 2002).  Furthermore, the Bioterrorism Act requires institutions wishing to 
possess certain high risk biological agents to register with the Centers for 
Disease Control and Prevention (CDC) or the U.S. Department of Agriculture’s 
(USDA) Animal and Plant Health Inspection Service (APHIS).  As part of the 
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registration process, the facility is inspected by the permit granting agency and 
required to meet certain biosafety requirements to work with specific agents 
(USDA-APHIS, 2012a).  In addition to governmental policies intended to aid in 
prevention of bioterrorist attacks, harsh criminal penalties have been put in place 
to serve as a deterrent (Schneider et al., 2005).   
 Though the Bioterrorism Act and similar legislation have made strides 
toward the prevention of bioterrorist attacks, the threat will never be eliminated.  
This is true for attacks on the U.S. agricultural system because of the ease with 
which they can be carried out.  For this reason, an effective response plan is 
needed to manage the effects of an agricultural attack, should one occur 
(Schneider et al., 2005).  Components of a successful bioterrorism response plan 
should include:  early detection capability, reliable confirmation of disease 
diagnosis, and a rapid response network (Wheelis et al., 2002; Meyerson & 
Reaser, 2002).   
 Once a pathogen has been introduced into an agricultural system, time 
becomes a very important factor.  If a pathogen survives and spreads undetected 
for long periods, eradication options may become limited and management costs 
may increase substantially (Meyerson & Reaser, 2002).  For this reason, 
enhanced capabilities for detecting pathogens of high consequence may aid in 
minimizing the effects of an agroterrorism event (Schneider et al., 2005).  For 
timely detection of introduced pathogens, monitoring and inventory programs 
conducted by well-trained individuals are essential (Wittenberg & Cock, 2001).  
These programs should, if possible, rely on advanced molecular techniques and 
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give priority to high risk sites where pathogen introduction is likely to occur 
(Meyerson & Reaser, 2002).   
 Once a disease has been detected, quick and reliable diagnosis is critical.  
Diagnostic testing for most important diseases of crops and livestock involves 
sensitive molecular assays; however, many labs are not equipped for this testing 
and may forward samples to qualified labs, delaying disease diagnosis and the 
subsequent response (Wheelis et al., 2002).  For this reason, the National Plant 
Diagnostic Network (NPDN) and the National Animal Plant Health Laboratory 
Network (NAHLN) were established to quickly detect important plant and animal 
pathogens across the U.S. (Goodell et al., n.d.; USDA-APHIS, 2012b).  
 Once a disease has been detected and the causative pathogen identified, 
a response network can effectively implement control measures (Meyerson & 
Reaser, 2002).  As a part of a robust outbreak response program, disease-
specific response plans should be prepared in advance so that actions can be 
taken immediately upon detection of pathogen (Wheelis et al., 2002).  Response 
programs, developed in collaboration with state and federal governments, should 
include a built-in funding mechanism, sensible eradication and control 
mechanisms, and established regulations and policies that support the response 
effort (Meyerson & Reaser, 2002).  In the U.S., the National Plant Disease 
Recovery System (NPDRS) was established to prepare recovery plans for 
management of high consequence plant pathogen outbreaks and the National 
Center for Animal Health Emergency Management (NCAHEM) develops policies 
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for management of incidents involving animal pathogens (USDA-ARS, 2012; 
USDA-APHIS, 2012c).      
Microbial Forensics 
 Microbial forensics, a sub-discipline of forensic science, is dedicated to the 
analysis of evidentiary materials from biocrimes, acts of bioterrorism, or the 
unintentional release of a pathogen or toxin, for the purpose of attribution 
(Budowle et al., 2003b).  This emerging discipline is built on a foundation of 
established scientific fields including forensic science, microbiology, 
epidemiology, genomics, phylogenetics, and bioinformatics (Murch, 2003).  
Microbial forensic investigations are similar to epidemiological investigations in 
that they determine if a disease outbreak has occurred, identify the pathogen of 
interest, trace the causative agent to its source, and define the at-risk population 
(Morse & Budowle, 2006).  However, a forensics investigation is much more 
extensive and is primarily concerned with the characterization of evidence to 
determine the sites, methods, and perpetrator of a biological attack (Budowle et 
al., 2003a). 
 To increase preparedness for possible future biological attacks, a national 
microbial forensics program is currently under development in the U.S.  In 2002, 
the Federal Bureau of Investigation (FBI) established the Scientific Working 
Group on Microbial Genetics and Forensics (SWGMGF) to develop research 
priorities, diagnostic methods, certification programs, and quality assurance 
guidelines for the new discipline (Murch, 2003).  To aid in the effort, the National 
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Biodefense Analysis and Countermeasures Center (NBACC) has been created 
by the Department of Homeland Security (DHS) to bring together all of the 
country’s security capabilities, including public health, plant pathology, veterinary 
science, and law enforcement resources (Fletcher et al., 2006).  The SWGMGF 
was disbanded in 2009 but several other institutions such as the National 
Institute for Microbial Forensics and Food & Agricultural Biosecurity (NIMFFAB) 
and the National Bioforensics Analysis Center (NBFAC) are actively engaged in 
the further development of a national microbial forensics capability.   
Major Components of a Microbial Forensics Program 
 Major components of a successful microbial forensics program include 
development and validation of protocols for the collection and storage of 
bioforensic samples and technologies for the detection and identification of 
biological agents, creation of national databases that will aid in the investigation 
of bioterrorism events, establishment of a national strain repository, and the 
development of quality assurance (QA) guidelines (Budowle et al., 2003a; 
Budowle et al., 2005b).   
 Sampling protocols developed for use in traditional forensic investigations 
must be re-validated for application to samples involved in a microbial forensics 
investigation (Budowle et al., 2003a).  Various evidence collection methods 
should be evaluated for efficiency and for the subsequent ability to recover 
chemical, physical, and biological signatures in a laboratory setting (Budowle et 
al., 2006).  Specialized storage conditions may be required to maintain the 
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integrity of biological samples.  As with all forensic samples, environmental 
storage conditions should be recorded and chain-of-custody records should be 
maintained (Fletcher et al., 2006).   
 Detection and identification of pathogenic agents in a potential 
bioterrorism incident are among the highest priorities of a national microbial 
forensics program.  To effectively attribute bioterrorism events, robust, sensitive 
and specific diagnostic assays are needed (Budowle et al., 2005b).  Once 
developed, these methods must be rigorously validated to ensure that results are 
reliable and will hold up in a court of law.  Validation testing should, when 
possible, be carried out before a diagnostic method is employed in a microbial 
forensics investigation and should measure the ability of the technique to achieve 
reliable results under specific conditions, define the conditions required to 
achieve reliable results, establish any limitations of the assay, identify critical 
control points, and provide guidelines for interpretation of results (Budowle et al., 
2008).   
 The availability of searchable databases containing key information on 
pathogens of interest is an important component of a national microbial forensics 
capability (Budowle et al., 2005b).  Such databases will aid not only in outbreak 
investigations, but also in the development of new assays.  These databases 
should have the capacity to store complete genome sequences from multiple 
organisms and should allow for comparisons between the sequences (Murch, 
2003).  It has also been suggested that a relational database containing 
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information on all individuals who have access to high-consequence pathogens 
be developed (Budowle et al., 2005b). 
 To enhance the microbial forensics capability of the U.S., the 
establishment of a national strain repository, housing pathogens of interest and 
appropriate near-neighbor organisms, has been suggested.  Such a collection 
would provide well characterized reference organisms for the development and 
validation of bioforensic assays and could aid in the preliminary review process 
should new techniques be required for investigation of a bioterrorism event 
(Budowle et al., 2005b).   
 Lastly, QA guidelines are needed to govern the activities of forensic 
microbiology laboratories (Budowle et al., 2005b).  The implementation of such 
specifications will maximize the consistency, accuracy, and validity of diagnostic 
processes carried out in the labs, and will aid in maintaining public confidence in 
their abilities (Murch, 2003; Budowle et al., 2005b).   
PCR-Based Molecular Techniques 
 Polymerase chain reaction (PCR)-based molecular assays are very 
popular in microbial forensics because they are easy to perform, require very 
little starting material, and can be applied to both living and dead organisms 
(Budowle et al., 2005a).  These assays are used for diagnostic purposes and for 
the identification of microbial signatures that can be used in tracing the 
relatedness and origin of a pathogen (Pattnaik & Jana, 2005).   
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 Polymerase chain reaction is an in vitro process in which specific DNA 
sequences are copied exponentially.  PCR requires four essential reagents: 
synthetic oligonucleotide primers that are complementary to regions flanking the 
target DNA sequence, a nucleic acid template or target sequence, a 
thermostable DNA polymerase, and deoxyribonucleoside triphosphates.  All 
ingredients are mixed, placed into a thermocycler and subjected to 25-40 
temperature cycles consisting of three phases: denaturation, specific annealing 
of primers and extension of annealed primers.  Repetition of these temperature 
cycles results in the production of multiple copies of the DNA fragment of 
interest.  Amplicons can then be detected using gel electrophoresis with an 
intercalating dye (Budowle et al., 2005a; Cooke Jr., 2005).    
 In recent years real-time PCR has become the preferred microorganism 
detection method because it is faster and more economical, more specific and 
displays a lower limit of detection when compared with traditional PCR.  A real-
time PCR reaction incorporates a fluorogenic probe that, when hybridized to an 
amplified DNA fragment, produces a signal that can be detected during the 
cycling process.  By monitoring the strength of this signal, a computer is able to 
measure the accumulation of the DNA fragment of interest during the reaction, 
eliminating the need for end-point gel electrophoresis.  Oligonucleotide primers 
can be designed to amplify microbial species- or strain-specific DNA targets, 
providing a quick and easy diagnostic test for nearly any microorganism of 
interest (Budowle et al., 2005a, Schaad et al., 2003).   
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 In addition to their diagnostic utility, PCR-based assays, such as multiple-
locus variable number tandem repeat (VNTR) analysis (MLVA) and multilocus 
sequence typing (MLST), can also be used to produce microbial signatures or 
DNA fingerprints, which can be used to determine microbial relatedness or to 
trace the origin of a pathogen of interest (Pattnaik and Jana, 2005).   
Multiple-Locus Variable Number Tandem Repeat Analysis (MLVA) 
 Variable-number tandem repeats (VNTRs) are rapidly evolving, short 
genomic sequences that are tandemly repeated (Hopkins et al., 2007; Vogler et 
al., 2006).  VNTR regions have been detected in virtually all prokaryotic and 
eukaryotic organisms and often vary in repeat copy number among strains of a 
single microbial species, a trait often exploited for strain differentiation (van 
Belkum et al., 2007; Coletta-Filho et al., 2001).  Variation in the number of repeat 
copies arises due to mutations that result in the insertion or deletion of repeat 
units leading to the creation of multiple alleles (Vogler et al., 2006). 
Microbial strain differentiation based on VNTRs is typically carried out 
using multiple-locus VNTR analysis (MLVA), a technique that is similar to the 
method used for human identification testing (Pattnaik & Jana, 2005; Budowle et 
al., 2003a).  MLVA typing involves the PCR amplification of a series of VNTR 
loci, followed by electrophoretic separation of the resulting fragments.  Variation 
in repeat copy number at a particular locus will result in amplicons of different 
sizes, creating a VNTR fingerprint for the strain of interest (Vogler et al., 2006; 
Budowle et al., 2005a).  These VNTR fingerprint patterns can then be used as a 
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confirmation of microbial species identity.  Furthermore, hypervariability at a 
given VNTR locus can indicate that different microbial isolates originated from a 
common source, a finding that may be useful for attribution (Pattnaik & Jana, 
2005; Keim, 2005).              
 MLVA typing systems have been very useful in the differentiation of 
pathogen strains, but they are limited in that they rely on genetic loci having high 
mutation rates that arise from the compounding effects of factors such as repeat 
unit size, repeat copy number, and sequence purity (Lindstedt, 2005; Budowle et 
al., 2005a; Vogler et al., 2006; Ellegren, 2000; Schlotterer, 2000).  Using VNTR 
loci in epidemiological and forensic microbiology investigations would be 
enhanced by better understanding of their mutational rates and the factors 
affecting those rates (Vogler et al., 2006).  Similarly, little is known about the 
stability of VNTR loci in bacteria, and research in this area will help to ensure the 
reliability of MLVA results in microbial forensic investigations (Hopkins et al., 
2007).   
Multilocus Sequence Typing (MLST) 
 It is sometimes possible to identify a microorganism of interest based on a 
single gene, such as the 16s rRNA gene in bacteria, but this type of testing does 
not typically provide the strain-level discrimination necessary for a microbial 
forensics investigation.  To identify an organism to a strain level, it is often 
necessary to employ methods which examine several different genomic regions 
(Budowle et al., 2005a).  Multilocus sequence typing (MLST) allows microbes to 
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be compared based on the sequences of multiple genomic housekeeping genes 
that are required for normal functioning and are conserved in all bacteria (Cooke 
Jr., 2005; Keim et al., 2008).  
 In MLST, specially designed primers and PCR are used to amplify 450-
500 bp fragments of 5-10 target housekeeping genes.  The PCR products are 
then sequenced and compared to the profiles of isolates in accessible and 
searchable databases.  MLST has effectively characterized nearly all bacterial 
species on which it has been used, distinguishing many to a strain level (Cooke 
Jr., 2005; Budowle et al., 2005a).  MLST also has been used in the study of 
bacterial recombination and genetic diversity (Budowle et al., 2005a; Sarkar & 
Guttman, 2004).     
 Benefits of MLST for identification of microorganisms include the ability to 
adapt the method for use with any set of genes through specific primer design, 
reproducibility, and the ability to easily share sequencing data between labs via a 
central database (Cooke Jr., 2005; Maiden et al., 1998).  However, the technique 
is limited in that it does not always provide reliable differentiation of strains from 
recently evolved bacterial species that possess little genetic variability (Keim et 
al., 2008).  When applying MLST to these types of organisms, extensive 
sequencing of housekeeping genes must be done to ensure that appropriate 





Pseudomonas syringae pv. tomato 
 Pseudomonas syringae, a plant pathogenic bacterium that causes disease 
in a variety of different host plant species is distributed worldwide and is 
responsible for considerable economic losses across the globe.  To date, over 50 
pathogenic variants or pathovars of the organism have been designated based 
on their respective host ranges.  One variant, P. syringae pathovar tomato (Pst), 
displays a relatively narrow host range and is often employed as a model system 
for studying interactions between plants and their pathogens due to its economic 
importance and the ease with which it can be handled in the laboratory (Lin et al., 
2006).    
Characteristics of Pst 
 P. syringae, a Gram negative, rod-shaped bacterium belonging to the 
phylum Proteobacteria, has polar flagella and grows as a strict aerobe.  Most 
strains produce fluorescent pigments and are differentiated from other 
fluorescent pseudomonads by their inability to produce arginine dihydrolase and 
oxidase (Doudoroff and Palleroni, 1974; Hirano and Upper, 2000). 
 Pst is pathogenic on Arabidopsis thaliana, Brassica species, and on 
tomato, in which it causes bacterial speck disease, an economically important 
disease of tomato for which efficient control is lacking (Lin et al., 2006; Zhao et 




Pst Disease Symptoms 
 Bacterial speck of tomato is characterized by the development of dark 
brown or black lesions, surrounded by yellow halos, on the leaves, stems, and 
fruits of the plant.  Foliar lesions are typically irregular in shape and concentrated 
at leaf margins, while fruit lesions are raised and range in size from very small 
specks to roughly circular lesions 3mm in diameter (Davis et al., 2008).  The 
disease is favored by cool weather conditions with high relative humidity, and can 
be exacerbated if plants remain visibly wet for long periods (Venette et al., 1996).      
Dissemination of Pst  
   Pst can be found wherever tomatoes are grown and is commonly 
disseminated by humans, animals, insects, agricultural tools, and contaminated 
water or soil sources (Kokalis-Burelle, 2002; Bashan, 1986).  Infested weed or 
crop plants, crop debris, and infected water and soil sources also serve as a 
source of primary inoculum in the tomato field (Schneider & Grogan, 1977; 
McCarter et al., 1983).   
Economic Impact of Pst 
 Infection of tomato plants with Pst can result in the reduction of fruit quality 
as well as fruit yield (McCarter et al., 1983).  These losses may be especially 
severe when infection occurs in young plants that may become stunted, resulting 
in the delay of fruiting (Davis et al., 2008).  In infected plants that do produce 
fruits, symptoms of the disease often reduce the fruit palatability, making it 
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DEVELOPMENT AND VALIDATION OF A REAL-TIME PCR ASSAY FOR 
BIOFORENSIC DETECTION OF PSEUDOMONAS SYRINGAE PV. TOMATO 
 
Abstract 
 The U.S. agricultural system is vulnerable to biological attacks because of 
its economic importance and because the impacts of such attacks may be 
magnified by common agricultural practices.  To prepare for the investigation of 
possible attacks, assays for the detection of plant pathogen are being developed 
and validated for use in a forensic context.  In this work, a real-time PCR assay 
was developed for the plant pathogenic bacterium Pseudomonas syringae pv. 
tomato.  Validation of the assay consisted of determination of its linearity and 
range, limit of detection, sensitivity, inclusivity, and exclusivity.  Exclusivity of the 
assay was determined by testing the P.s. tomato-specific primers against three 
panels of nucleic acids:  a multi-species plant panel, a multi-species animal 
panel, and a near-neighbor panel made up of both environmental and 
phylogenetic near neighbors.  A positive control plasmid, distinguishable from 
genomic DNA by restriction enzyme digestion, was also developed and validated 
to support the use of the assay in forensic investigations.  The resulting 
35 
 
assay is highly reproducible, displays linear amplification of the target DNA from 
10 ng to 10 fg, is capable of consistently detecting 100 fg of target DNA, and is 
specific to P.s. tomato.  Linear amplification of the positive control plasmid was 
observed as well.  Results obtained during validation of the P.s. tomato assay 
provide a template for the development and validation of similar assays for other 
high threat plant pathogens. 
Introduction 
 Food production, processing, and distribution sectors of the U.S. 
agricultural system are vulnerable to biological attack (Harl, 2002; Madden & 
Wheelis, 2003).  Characteristics such as economic importance, widespread 
monoculturing, reliance on chemical pathogen control, scattered nature, and 
limited surveillance make food crops especially vulnerable to bioterrorists 
(Madden & Wheelis, 2003). 
 Traditional forensic science techniques are currently being adapted for 
use with plant pathogens and environmental samples that may be associated 
with agricultural settings in order to prepare for the investigation of possible 
biological attacks on U.S. agriculture (Fletcher et al., 2006).  To aid in this 
endeavor, the Department of Homeland Security’s (DHS) National Bioforensic 
Analysis Center (NBFAC) contracted the National Institute for Microbial 
Forensics and Food & Agricultural Biosecurity (NIMFFAB) at Oklahoma State 
University (OSU) to adapt real-time PCR assays for use with plant pathogens 
and to validate the assays for forensic use.  The phytopathogenic bacterium 
36 
 
Pseudomonas syringae pathovar tomato (P.s. tomato) was chosen as a model 
pathogen for the first phase of the project with the expectation that the developed 
technology would eventually be transferred to more threatening pathogens in 
later phases.  
P. syringae is a common bacterial pathogen that infects several 
economically important plant hosts, including fruits, vegetables, grains and forest 
trees, leading to the formation of necrotic lesions on aerial portions of the plant 
(Lin et al., 2006; Davis et al., 2008).  P.s. tomato, a variant of P. syringae with a 
relatively narrow host range, infects Brassica species and Solanaceae species in 
which it causes bacterial speck disease (Lin et al., 2006; Zhao et al., 2000).  P.s. 
tomato can serve as a bioforensics model because it meets various criteria of 
potential bioweapons, including ease of handling, toxin production, rate of 
infection and spread in nature, lack of control methods, and yield losses 
associated with infection (Schaad et al., 1999).   
In this study, a real-time PCR assay and a positive control plasmid was 
developed for detection of P.s. tomato.  The assay was then validated for use in 
microbial forensics investigations by determining its linearity and range, limit of 
detection, sensitivity, specificity, exclusivity.   
Materials and Methods 
Nucleic acid extraction from pure cultures, plants, and animal blood 
and tissue.  All bacterial species used in the study (Tables 1 & 2) were grown in 
liquid media under optimum conditions for each organism.  Bacterial DNA was 
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extracted from isolates using the Qiagen DNeasy Blood & Tissue Kit in 
accordance with manufacturer’s instructions (Qiagen, Valencia, CA).       
DNA used in plant and animal exclusivity testing was extracted from fresh 
plant samples (Table 3) and animal blood or tissue (Table 4) using the Qiagen 
DNeasy Plant Mini and DNeasy Blood & Tissue kits according to their respective 
protocols. 
Primer selection.  A pathogen-specific primer and probe set (Table 5) 
amplified a 111 base pair fragment of the Cor gene in P.s. tomato.  Oligo and 
probe sequences were designed and analyzed for size, self complementarity, GC 
content, and annealing temperature using Primer3 computer software and for the 
production of secondary structure using the Mfold web server (Rosen & 
Skaletsky, 2000; Zuker, 2003).  The primers and a dual-labeled probe were 
synthesized commercially (Sigma-Aldrich, St. Louis, MO).   
Real-time PCR assay.  Amplification reactions were carried out on an ABI 
7900HT Real-time PCR system (Applied Biosystems, Carlsbad, CA) using the 
ABI TaqMan® Gold with Buffer A Pack and ABI GeneAmp® dNTPs.  PCR 
reactions of 50 µl contained 5 µl of template DNA, 5 µl of TaqMan Buffer A, 5 mM 
MgCl2, 0.3 µM of each primer, 0.25 µM of probe, 0.25 mM of each dNTP, with the 
exception of dUTP, which was added at a concentration of 0.5 mM, 3 mg/ml 
BSA, and approximately 24 µl of sterile water.  The PCR cycling conditions were 
as follows:  initial denaturing at 95°C for 10 minutes, followed by 45 cycles of 
95°C for 15 seconds and 60°C for 1 minute with fluorescence measured after 
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each annealing step.  Data were analyzed using ABI SDS software version 2.3 
with an automatic baseline and a manual cycle threshold (Ct) of 0.2.   
Linearity and range.  The linear range and sensitivity of the assay was 
evaluated by analyzing serial dilutions of DNA extracted from a model strain of 
the pathogen, P.s. tomato DC3000.  Ten-fold serial dilutions of DNA, from 10 ng 
to 10 fg, were prepared by 2 individuals and tested separately.  Each analyst 
prepared 4 standard curves containing each of the target concentrations and 
tested them by real-time PCR.  Repeatability was determined by calculating the 
%CV (CV=standard deviation/mean) for all 8 replicates of a single concentration.  
Intermediate precision was determined by comparing the average Ct values for 
replicates from each individual to each other.   
Limit of reproducible detection (LOD).  The lowest linearity and range 
standard curve concentration that gave eight of eight replicates detected with a 
cycle threshold less than 40 and within 2.0 Ct values of each other was 
considered the limit of reproducible detection (LOD).  To confirm the LOD, two 
individuals each prepared 20 replicates of the LOD concentration and tested 
them by real-time PCR on separate plates to generate a total of 40 replicates.  
Repeatability and intermediate precision were determined as previously 
described. 
Inclusivity testing.  The inclusivity of the assay was determined by 
testing the pathogen-specific primers against nucleic acids extracted from a 
panel containing multiple strains of P.s. tomato (Table 1) isolated from naturally 
39 
 
infected tomato in 11 countries.  Tests were carried out at a DNA concentration 
of 100 pg per reaction with 3 replicates per strain.   
Exclusivity testing.  The exclusivity of the assay was evaluated by 
testing the P.s. tomato-specific primers against three panels of nucleic acids.  
Panels included:  a multi-species plant panel consisting of DNA extracted from a 
range of species chosen for their economic importance or placement in diverse 
taxa (Table 3), a multi-species animal panel consisting of DNA from a range of 
species chosen for their economic importance and the likelihood that a species in 
this group would be found in association with agricultural environments (Table 4), 
and a near-neighbor microbe panel consisting of DNA extracted from 
phylogenetic and environmental neighbors of P.s. tomato (Table 2).  Tests were 
carried out at a DNA concentration of 100 pg per reaction with 3 replicates per 
species.   
Positive control plasmid development.  A plasmid containing the target 
sequence of the P.s. tomato-specific primers with an inserted AvaI restriction site 
was produced commercially (Integrated DNA Technologies, San Diego, CA).  
The presence of the added restriction site allows the amplicon from the positive 
control to be distinguished from the native amplicon by restriction enzyme 
digestion.   
Positive control plasmid sensitivity.  The sensitivity of the assay was 
evaluated using plasmid standard curves.  Ten-fold serial dilutions of plasmids, 
containing from 100,000 target copies to 1 target copy (calculated based on 
weight of the plasmid), were prepared and tested by 2 different individuals on 
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separate days.  The repeatability and intermediate precision of the assay was 
determined as previously described.   
Positive control plasmid restriction enzyme digestion.  To ensure that 
the positive control could be easily distinguished from genomic DNA, amplified 
products from genomic DNA and the cloned positive control plasmid were 
subjected to digestion with AvaI restriction enzyme.  Reactions of 50 µl contained 
1 µl of AvaI enzyme (New England Biolabs, Ipswich, MA), 5 µl of NEBuffer 4 
(New England Biolabs, Ipswich, MA), and 1 ng of P.s. tomato DNA or 44 µl of the 
positive control plasmid at a concentration of 20,000 copies/µl.  Reactions were 
held at 37°C for 1 hour.  The resulting fragments were visualized by gel 
electrophoresis using a 2% agarose gel supplemented with 0.1 µl/ml of 
SYBR®Safe DNA Gel Stain (Invitrogen, Carlsbad, CA).   
Results 
Primer selection.  The P.s. tomato-specific primers and probe were found 
to be of appropriate length (approximately 20 nucleotides) for use in real-time 
PCR.  The forward and reverse primers and probe displayed GC contents of 
45%, 55%, and 52%, and melting temperatures (Tm) of 59.9, 59.2, and 68.4 
respectively.  The Mfold web server did not predict any undesirable secondary 
structures for the oligos or the probe (Zuker, 2003). 
When tested using conventional end-point PCR, the primers successfully 
amplified a 111 bp fragment of DNA from P.s. tomato.  Real-time PCR carried 
out on P.s. tomato DNA using the primers and probe worked as expected 
indicating that the primers were suitable for use in validation of the assay. 
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Linearity and range.  To establish the linear range of the assay, 2 
analysts collected data from testing serial dilutions of P.s. tomato DC3000 DNA.  
The assay produced linear amplification of target DNA from 10 ng to 10 fg (Table 
6).  The %CV for all replications of a single DNA concentration were below 5.0 
(Table 6), indicating that the assay is sufficiently repeatable.  Additionally, 
average Cts for each concentration obtained by each analyst differed by fewer 
than 2.0 Ct values indicating that the assays display good intermediate precision 
(Table 6). 
Limit of reproducible detection (LOD).  The lowest standard curve 
concentration that gave 8 of 8 replicates detected with a cycle threshold less than 
40.0 and within 2.0 Ct values of each other was considered the limit of 
reproducible detection (LOD).  The presumptive LOD for the P.s. tomato 
detection assay was 100 fg of genomic DNA.  Further testing confirmed this LOD 
(Table 7).  Comparison of average Ct values between individuals and %CVs 
below 5.0 for each assay demonstrated that the assay is both repeatable and 
precise at its limit of detection (Table 7) 
Inclusivity testing.  The inclusivity of the assay was determined by 
testing the pathogen-specific primer set against a panel of DNA extracted from 
multiple strains of P.s. tomato.  The assay detected all inclusivity panel members. 
Exclusivity testing.  The exclusivity of the assay was determined by 
testing the P.s. tomato-specific primer set against 3 panels of DNA:  a near-
neighbor microbe panel, a multi-species plant panel, and a multi-species animal 
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panel (Tables 2, 3, and 4).  The pathogen-specific primers did not amplify DNA 
from any of the tested phylogenetic or environmental neighbors.   
Positive control plasmid sensitivity.  The sensitivity of the assay was 
determined using standard curve preparations of the positive control plasmid.  
The assay routinely detected 100 copies of the plasmid positive control.  
Comparison of the average Ct values between analysts and a %CV below 5.0 
demonstrated that the assay is repeatable and precise down to 100 plasmid 
copies (Table 8). 
Positive control plasmid restriction enzyme digestion.  To ensure that 
the positive control plasmid could be distinguished from pathogen DNA, 
amplicons from PCR performed on genomic DNA and plasmid preparations were 
subjected to digestion with the AvaI restriction enzyme.  Digestion of the 
amplicon from the plasmid DNA resulted in smaller fragments that could be 
easily distinguished from the genomic DNA amplicon (Figure 1).   
Discussion 
 Interest in the United States’ capabilities in microbial forensics was piqued 
in the wake of the anthrax mail attacks of 2001.  Though primary efforts in this 
area have been directed toward important human and animal pathogens, 
researchers have also recognized the need for identification and detection 
assays for use with high consequence plant pathogens in a forensic context 
(Budowle et al., 2005; Fletcher et al., 2006).  Furthermore, these assays must be 
stringently validated to ensure their defensibility in a court of law (Harmon, 2005).   
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 In the present study, a real-time PCR assay and positive control plasmid 
were developed for the model plant pathogen P.s. tomato.  The assay was then 
subjected to an arduous validation process to ensure its appropriateness for use 
in microbial forensics investigations. 
 The assay consistently detected small quantities of P.s. tomato nucleic 
acid, displaying a detection limit of 100 fg of genomic DNA.  Additionally, the 
assay demonstrated linear amplification of the standard curve concentrations 
from 10 ng to 10 fg, indicating that it may be employed both quantitatively and 
qualitatively.   
 Inclusivity of the assay was tested to ensure that it could be used for 
detection and identification of P.s. tomato in various geographic regions where 
different strains of the pathogen may be present.  Results obtained from this 
testing indicate that the assay is able to detect multiple strains of the organism. 
 Assays employed in microbial forensics investigations must be exclusive 
to the target pathogen to ensure that their use will not lead to false-positive 
results from reaction of the primers with environmental nucleic acids.  The assay 
developed in this work was found to be exclusive for P.s. tomato.  The pathogen-
specific primers produced no amplification when tested against DNA extracted 
from various plant, animal, and near-neighbor species, including several other 
pathovars of P. syringae. 
 The positive control plasmid developed for use in the P.s. tomato 
detection assay performed as expected in testing.  Cleavage of the positive 
control amplicon into 2 smaller fragments allowed it to be easily distinguished 
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from the bacterial DNA upon electrophoretic separation.  This distinction ensures 
that a positive detection result is not due to contamination of sample material with 
the positive control, but rather due to the actual presence of the pathogen in the 
evidentiary material.   
 As the field of plant pathogen forensics continues to expand, new assays 
will need to be developed and validated for use with high threat and newly arising 
plant pathogens.  The procedures employed in the validation of the P.s. tomato 
assay, and other similar assays, provide a framework by which new assays may 
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JL 1035 United States
TF1 United States
IPV-B0 Italy
P.s. tomato Tomato C. Bender, Oklahoma State University, Stillwater, OK


















Burkholderia cepacia ATCC 25416 American Type Culture Collection, Manassas, VA
Campylobacter jejuni ATCC 33291 American Type Culture Collection, Manassas, VA
Escherichia coli 1472 S. Gilliland, Oklahoma State University, Stillwater, OK
Erwinia tracheiphila SNS1 B. Bruton, USDA-ARS2, Lane, OK
Lactobacillus delbruckeii  ssp. bulgaricus 3409 S. Gilliland, Oklahoma State University, Stillwater, OK
Pseudomonas aeruginosa 8830 S. Gilliland, Oklahoma State University, Stillwater, OK
Pseudomonas fluorescens ATCC 13525 American Type Culture Collection, Manassas, VA
Pseudomonas syringae  pv. maculicola 4326 C. Bender, Oklahoma State University, Stillwater, OK
Pseudomonas syringae pv. phaseolicola 1448A C. Bender, Oklahoma State University, Stillwater, OK
Pseudomonas syringae pv. syringae B728A C. Bender, Oklahoma State University, Stillwater, OK
Pseudomonas syringae pv. tabaci SNS1 C. Bender, Oklahoma State University, Stillwater, OK
Ralstonia solanacearum ATCC 11696 American Type Culture Collection, Manassas, VA
Rhizobium rhizogenes ATCC 11325 American Type Culture Collection, Manassas, VA
Vibrio parahaemolyticus ATCC 17802 American Type Culture Collection, Manassas, VA
Xanthomonas vesicatoria ATCC 35937 American Type Culture Collection, Manassas, VA
Table 2.  Near-neighbor exclusivity panel used in validation of P.s. tomato assay
1SNS - Strain not specified














Plant Variety Common Name Source
Triticum aestivum Deliver Hard red wheat R. Hunger, Oklahoma State University, Stillwater,OK
Medicago sativa Vernal Alfalfa S. Marek, Oklahoma State University, Stillwater, OK
Hordeum vulgare Post 90 Barley R. Hunger, Oklahoma State University, Stillwater,OK
Secale cereale Maton Rye R. Hunger, Oklahoma State University, Stillwater,OK
Avena sativa Okay Oat R. Hunger, Oklahoma State University, Stillwater,OK
Oryza sativa Drew Rice J. Leach, Colorado State University, Fort Collins, CO
Sorghum bicolor Sugar Drip Sorghum R. Hunger, Oklahoma State University, Stillwater,OK
Glycine max VNS1 Soybean Payco Seeds, Dassel, MN
Zea mays Kandy Korn Corn Ferry-Morse Seed Co., Fulton, KY
Arachis hypogaea TX 313 Peanut H. Melouk, USDA-ARS2, Stillwater, OK
Gossypium hirsutum Ac44E Cotton C. Bender, Oklahoma State University, Stillwater, OK
Arabidopsis thaliana Landsberg erecta Thale cress Lehle Seeds, Round Rock, TX
Lycopersicon esculentum Wisconsin 55 Tomato L. L. Olds Seed Co., Madison, WI
Carya illinoiensis VNS1 Pecan A. Payne, Oklahoma State University, Stillwater, OK
Prunus persica Jefferson Peach A. Payne, Oklahoma State University, Stillwater, OK
Vitis aestivalis Cynthiana Grape A. Payne, Oklahoma State University, Stillwater, OK
Helianthus annuus Mammoth Grey Sunflower L. L. Olds Seed Co., Madison, WI
Nicotiana tabacum Samsun NN Tobacco J. Verchot, Oklahoma State University, Stillwater, OK
Nephrolepsis exaltata VNS1 Boston fern Department of Entomology and Plant Pathology, Stillwater, OK
Cladonia rangiferina VNS1 Reindeer moss Teresa's Plant & More Store, Mulberry, AR
1VNA - Variety not specified
2USDA-ARS - United States Department of Agriculture-Agricultural Research Service









Species Common Name Source
Homo sapiens Human M. James, Oklahoma State University, Stillwater, OK
Bos taurus Cow OADDL1, Oklahoma State University, Stillwater, OK
Equus ferus Horse OADDL1, Oklahoma State University, Stillwater, OK
Odocoileus virginianus White-tailed deer OADDL1, Oklahoma State University, Stillwater, OK
Canis lupus Dog OADDL1, Oklahoma State University, Stillwater, OK
Felis catus domesticus Cat OADDL1, Oklahoma State University, Stillwater, OK
Gallus gallus Chicken Food Pyramid, Stillwater, OK
Mus musculus Mouse Biochain Institute, Inc., Newark CA
Oryctolagus cuniculus Rabbit Biochain Institute, Inc., Newark CA
Acyrthosiphon pisum Pea aphid J. Dillwith, Oklahoma State University, Stillwater, OK
Musca domestica House fly A. Wayadande, Oklahoma State University, Stillwater, OK
1OADDL - Oklahoma Animal Disease Diagnostic Laboratory

























F - Forward, R - Reverse, P - Probe











































Std Curve      
Concentration
Avg Ct Values         
(8 Curves)
Std Dev           
(8 Curves)
%CV               
(8 Curves)
# Reps Detected    
(Out of 8)
10 ng 23.18 0.25 1.07 8
1 ng 26.55 0.16 0.61 8
100 pg 29.92 0.42 1.39 8
10 pg 33.01 0.25 0.77 8
1000 fg 35.06 0.60 1.72 8
100 fg 35.98 0.40 1.12 8
10 fg 40.07 0.48 1.20 7










































Samples    
Tested    
Postive     
Samples
Average 
Ct Value % CV
1 100fg 20 19 36.31 2.58
2 100fg 20 18 37.07 2.11













































Plasmid       
Copies
Avg Ct Values         
(8 Curves)
Std Dev           
(8 Curves)
%CV               
(8 Curves)
# Reps Detected    
(Out of 8)
100,000 24.58 0.49 2.01 8
10,000 28.15 0.84 2.01 8
1,000 31.84 0.76 2.40 8
100 36.15 0.53 1.47 8
10 38.58 1.67 4.32 6
1 -- -- -- 0












































Figure 1.  Agarose gel analysis of digested P.s. tomato genomic DNA and 
plasmid positive control amplicons.  Lane 1, 100 bp DNA ladder (Invitrogen, 
Carlsbad, CA); lane 2, positive control plasmid – undigested; lane 3, positive 
control plasmid – digested; lane 4, genomic DNA – undigested; lane 5, genomic 



















EVALUATING THE IMPACTS OF STRESSORS OF PSEUDOMONAS 
SYRINGAE PV. TOMATO ON THE EFECTIVENESS OF MULTIPLE-LOCUS 
VARIABLE NUMBER TANDEM REPEAT ANALYSIS (MLVA) AND 




U.S. cropping systems are vulnerable to agroterrorist and other criminal threats 
due to their widespread cultivation, lack of surveillance, and because of 
implementation of cultural practices such as monoculturing and heavy reliance 
on chemical disease control.  To prepare for investigation of such events, 
forensic science techniques are being adapted for use with plant pathogens.  
Attribution of an agroterrorist event involving a plant pathogen may require 
determination of a molecular fingerprint or profile for the organism.  Forensic 
methods traditionally used for this purpose include multiple-locus variable 
number tandem repeat (VNTR) analysis (MLVA) and multilocus sequence typing 
(MLST).  However, use of these methods in investigations involving plant 
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pathogens may be problematic because long lag periods between pathogen 
introduction and discovery of the associated disease may provide enough time 
for evolution to occur in the regions of the genome employed in each assay.  In 
this study, we investigated the ability of MLVA and MLST to reliably type the 
model plant pathogen Pseudomonas syringae pv. tomato DC3000, which had 
been exposed to various experimental treatments meant to simulate 
environmental conditions to which a pathogen may be exposed prior to or during 
a biological attack, while being subcultured sequentially for 1 year.  MLVA and 
MLST were performed on DNA extracted from the bacterium at various time 
points throughout the sub-culturing process.  The resulting profiles were then 
compared to those of the original culture of P.s. tomato DC3000 to determine if 
the growth conditions had any effect on the ability of the assays to reliably 
identify the pathogen which might have undergone evolution.   
The MLVA fingerprints and MLST profiles were consistent throughout the 
experiment indicating that, using a specific set of primers and conditions, MLVA 
and MLST typing systems could be employed successfully in a forensics 
investigation involving P.s. tomato.  However, similar experiments should be 
conducted in the field and with other high consequence plant pathogens to 
ensure that the assays are reliable for bacteria infecting plants in their natural 
environment and with organisms which may display faster rates of mutation than 






 The American agricultural system is vulnerable to attack by bioterrorists in 
several food-related areas such as production, processing and distribution (Harl, 
2002).  Factors increasing the vulnerability of U.S. cropping systems to such 
attacks include their scattered nature, lack of surveillance, considerable 
monoculturing, and reliance on chemical disease control methods (Madden & 
Wheelis, 2003).   
 To prepare for the investigation of possible biological attacks on U.S. 
agriculture, traditional forensic science techniques are being adapted for use with 
plant pathogens and other environmental samples that may be associated with 
agricultural environments (Fletcher et al., 2006).  To attribute an agroterrorism or 
criminal event involving a plant pathogen to a perpetrator, a microbial forensics 
laboratory often determines a microbial signature or fingerprint for the organism 
of interest (Budowle et al., 2005; Pattnaik & Jana, 2005).  Methods commonly 
used to fingerprint pathogens, differentiate among microbial strains, and 
determine microbial relatedness include multiple-locus variable number tandem 
repeat (VNTR) analysis (MLVA) and multilocus sequence typing (MLST) 
(Budowle et al., 2005).   
 Variable number tandem repeats (VNTRs) are short, tandemly repeated 
genomic sequences, present in the majority of prokaryotic and eukaryotic 
organisms, that often vary in repeat copy number among strains of a single 
microbial species (van Belkum, 2007).  Variation in VNTR repeat copy number is 
often exploited for strain differentiation using MLVA (Pattnaik & Jana, 2005).  
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MLVA typing involves PCR amplification of multiple VNTR loci, followed by 
electrophoretic separation of the resulting fragments.  Variation in the number of 
repeats at a particular locus results in the production of amplicons of different 
sizes, thus creating a VNTR fingerprint for the bacterial strain of interest (Vogler 
et al., 2006; Budowle et al., 2005).  The fingerprint is then used as a confirmation 
of microbial species identity.  Additionally, hypervariability at a given VNTR locus, 
an indication that different bacterial isolates originated from a common source, 
may be especially useful for attribution purposes (Pattnaik & Jana, 2005; Keim, 
2005).   
 MLVA has been used to successfully fingerprint a variety of bacteria, 
including Bacillus anthracis, Escherichia coli O157, Brucella abortus, and the 
plant pathogens Xylella fastidiosa, Xanthomonas oryzae, and Pseudomonas 
syringae (Lindstedt, 2005; Le Fléche et al., 2006; Zhao et al., 2012; Baker, 
2009). Though useful for strain differentiation, MLVA is limited in that it relies on 
genetic loci having intrinsically high mutation rates (Lindstedt, 2005).  Due to 
these high mutation rates VNTR loci can be affected by treatments such as 
environmental stress and serial passaging, leading to alteration in the MLVA 
fingerprint for an organism of interest (Cooley et al., 2010; Her et al., 2009).  For 
this reason, a better understanding of the stability and mutational rates of VNTR 
loci is needed to ensure the reliability of MLVA results in microbial forensics 
investigations (Hopkins et al., 2007; Vogler et al., 2006).    
 In a microbial forensics investigation, it may also be necessary to identify 
a suspect microorganism to a strain-level.  MLST allows for strain-level microbe 
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identification by comparing the sequences of multiple genomic housekeeping 
genes that are required for normal functioning of the organism (Cooke Jr., 2005; 
Keim et al., 2008).  In this method, PCR is used to amplify 450-500 bp fragments 
of 5-10 housekeeping genes.  The amplicons are then sequenced and compared 
to the profiles of isolates stored in searchable databases (Cooke Jr., 2005).   
 MLST has been used effectively to characterize a variety of bacterial 
species and has been successfully employed in studies of bacterial 
recombination and genetic diversity (Budowle et al., 2005; Sarkar & Guttman, 
2004).  MLST is a highly reproducible method that can be easily adapted to any 
set of genes through specific primer design (Cooke Jr., 2005; Maiden et al., 
1998).  The major strength of MLST lies in its ability to detect recombination; 
however, the technique is limited in that it does not always provide reliable 
differentiation of strains from recently evolved bacterial species that display little 
genetic variability (Sarkar & Guttman, 2004; Feil et al., 1999; Keim et al., 2008).   
The use of common forensics methods, such as MLVA and MLST, may be 
especially problematic in forensics investigations involving plant pathogens 
because long lag periods between the introduction of a pathogen and the 
discovery of the subsequent disease may provide ample time for the pathogen to 
undergo evolution in regions of the genome used in the microbe-typing assays 
(Madden & Wheelis, 2003; Nutter & Madden, 2009). 
Pseudomonas syringe pv. tomato, used as a model organism in this 
experiment, is a Gram negative, plant pathogenic bacterium with a worldwide 
distribution (Doudoroff and Palleroni, 1974; Kokalis-Burelle, 2002).  The 
61 
 
pathogen infects Arabidopsis thaliana, Brassica species, and tomato, in which it 
causes bacterial speck disease, an economically important disease of tomato 
(Lin et al., 2006; Zhao et al., 2000).  Though not a high-threat pathogen, P.s. 
tomato can serve as a good bioforensics model because it meets several criteria 
of potential bioweapons, including ease of handling, toxin production, rate of 
infection and spread in nature, and yield losses associated with infection (Schaad 
et al., 1999). 
MLVA and MLST have both been employed in the study of P.s. tomato.  A 
P.s. tomato MLVA assay has been designed for rapid strain discrimination of the 
pathogen.  Use of the assay in typing of a large P.s. tomato strain collection also 
indicated that the assay could be used to determine phylogenetic relationships 
between strains (Baker, 2009).  Results of the study, as well as other studies 
using MLVA to examine the relatedness of P.s. tomato strains, have found that 
the diversity within the pathogen is highly correlated to the host plant species in 
which the organism lived (Baker, 2009; Gironde & Manceau, 2012).  Similarly, 
MLST has been used to investigate the genetic stability of P. syringae and to 
resolve the role of recombination in the evolution of the pathogen.  Strains of P. 
syringae were shown to remain genetically consistent over long periods of time 
indicating that the species is highly clonal (Sarkar & Guttman, 2004).  Using 
MLST, researchers were able to identify multiple recombination sites within the 
P.s. tomato genome indicating that recombination contributes greatly to the 
genetic variation of the organism (Yan et al., 2008).            
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In the present study, we examined the ability of MLVA and MLST typing 
methods to identify P.s. tomato, subjected to various treatments, in order to 
evaluate the appropriateness of their use in microbial forensics investigations 
involving plant pathogens. 
Materials and Methods 
Bacterial strain and experimental treatments.  P.s. tomato DC3000, 
originally isolated from infected tomato in the Channel Islands, Guernsey, UK, 
was obtained from the laboratory of Dr. Carol Bender.  Prior to beginning the 
experiment, the bacterium was grown in King’s B broth medium  under optimum 
conditions for the organism (28°C with shaking at 150 rpm) (King et al., 1954).  
This master culture was used in preparation of experimental treatments.  
 P.s. tomato DC3000 was exposed to four treatments, meant to simulate 
various environmental conditions to which a pathogen may be exposed prior to or 
during a biological attack, while being sequentially subcultured for one year.  
Treatments included:  1) P.s. tomato DC3000 grown under optimum laboratory 
conditions, 2) P.s. tomato DC3000 grown under sub-optimal conditions (i.e. 
nutritional stress), 3) mutagenesis of P.s. tomato DC3000 followed by growth 
under optimum conditions, and 4) P.s. tomato DC3000 grown in planta.  Optimal 
growth conditions were provided by growth of the bacterium under optimized 
laboratory conditions (Budde et al., 1998) while growth of the bacterium in sub-
optimal conditions and in planta represented growth of the organism in nature.  
Lastly, mutagenesis of P.s. tomato DC3000 was used to discern the effects of 
enhanced evolutionary rates on the reliability of the forensic assays.  
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 The treatment grown under optimum conditions was prepared by 
inoculating 40 mL of King’s B (KB) broth with 0.1 mL of the P.s. tomato master 
culture and incubating at 28°C with shaking at 150 rpm for 4 days.  On day 3 of 
incubation, 10 mL of the culture was removed and total genomic DNA was 
extracted using the Qiagen DNeasy Blood & Tissue Kit in accordance with 
manufacturer’s instructions (Qiagen, Valencia, CA).  On day 4 of incubation, the 
remaining culture was used to inoculate fresh King’s B broth as above.  This 
process was repeated every four days for 1 year.  
 The treatment grown under sub-optimal conditions was prepared by 
inoculating 40 mL of mannitol-glutamate (MG) broth, a minimal medium, with 0.1 
mL of the master culture (Keane et al., 1970).  The culture was incubated under 
optimum growth conditions, and DNA extraction and sub-culturing was carried 
out as previously described.   
 Mutagenesis of 10 mL of the P.s. tomato master culture was carried out 
using ethyl methanesulfonate (EMS), a chemical mutagen that generates 
mutations by guanine alkylation, and a modification of the method described by 
Thomas and Leary (Scalera & Ward, 1971; Thomas & Leary, 1980).  Ten 
mililiters of log phase bacteria, in KB medium, was exposed to EMS at a 
concentration of 1 mg per mL of broth for four hours.  This culture was diluted 1 
to 20 in fresh medium and incubated at 28°C with shaking at 150 rpm for 24 
hours.  The bacterial cells were washed by centrifugation and resuspended in 
fresh KB broth (Thomas & Leary, 1980).  Forty milliliters of KB broth was 
inoculated with 0.1 mL of the culture.  The culture was incubated under optimum 
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conditions, and DNA extraction and sub-culturing were carried out as described 
above.   
 For the in planta treatment, three-week-old tomato (Lycopersicum 
esculentum cv. Glamour) seedlings were inoculated with the master culture of 
P.s. tomato by dipping a sterile swab into the culture and lightly rubbing onto the 
underside of the leaves.  The inoculated plants were maintained in a growth 
chamber at 25°C with 50% relative humidity and a 12-hour photo period.  One 
month after inoculation, leaf tissue from lesion margins was excised and soaked 
in 1 mL of sterile water for 3 hours.  The solution was then streaked for isolation 
on KB agar plates, which were incubated at 28°C.  When bacterial colonies were 
obvious, plates were examined using UV light for the presence of fluorescent 
colonies typical of P.s. tomato grown on this medium (Canfield et al., 1986).  
Several fluorescent colonies were transferred to 10 mL of KB broth and 
incubated at 28°C with shaking at 150 rpm for 24 hours.  The bacterial 
suspension was used to inoculate a new tomato seedling as described above, 
and the remaining culture was used for DNA extraction as previously described. 
For this treatment, the P.s. tomato culture was transferred seven times over a 10 
month period. 
 DNA extracted from liquid cultures at 6-week intervals and from each 
culture transfer in planta was subjected to molecular analysis using MLVA and 
MLST. 
 Multiple-locus Variable Number Tandem Repeat Analysis (MLVA).  
MLVA analysis of VNTR regions within the P.s. tomato genome was carried out 
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using previously described VNTR loci (Table 1), primer pairs (Table 2) and 
molecular methods (Baker, 2009).  PCR amplification of each VNTR locus was 
carried out using locus-specific PCR primers (Table 2), GoTaq Flexi DNA 
Polymerase reagents (Promega, Madison, WI), and PCR nucleotide mix (Fisher 
Bioreagents, Pittsburg, PA) in a final reaction volume of 25 microliters.  Cycling 
conditions were as follows:  2 minutes at 95°C, followed by 30 cycles of 1 minute 
at 94°C, 1 minute at 55°C, and 1 minute at 72°C.  Cycling was followed by final 
extension at 72°C for 7 minutes.    
Following amplification, the MLVA fingerprint for each sample was 
visualized by gel electrophoresis using a 1.5% agarose gel supplemented with 
0.1 µL/mL of SyBR®Safe DNA Gel stain (Invitrogen, Carlsbad, CA).  To ensure 
that electrophoresis could adequately distinguish between the amplicon sizes 
MLVA was performed on a separate Pst strain, P.s. tomato 1318, that displayed 
a different number of repeats than P.s. tomato DC3000 at three of the chosen 
VNTR loci.  P.s. tomato 1318 has one less repeat at the 715 and 1929 loci and 4 
more repeats at the 337 locus than P.s. tomato DC3000.  The sizes of the 
resulting amplicons were representative of the number of repeats at each locus 
in P.s. tomato 1318 and could be easily distinguished from those in P.s. tomato 
DC3000 based on size.          
 Multilocus Sequence Typing (MLST).  MLST analysis of the P.s. tomato 
genome was carried out using previously published genes, primers and 
molecular methods (Sarkar & Guttman, 2004; Sawada et al., 1999).  Core 
genome components evaluated encode for:  glyceraldehyde-3-phosphate 
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dehydrogenase (gapA), phosphofructokinase (pfk), sigma factor 70 (rpoD), 
aconitate hydratase B (acnB), phosphoglucoisomerase (pgi), gyrase (gyrB), and 
citrate synthase (cts).      
 PCR amplification of each gene was carried out on 10 ng of template DNA 
using gene-specific PCR primers (Table 3), GoTaq Flexi DNA Polymerase 
reagents (Promega, Madison, WI), and PCR nucleotide mix (Fisher Bioreagents, 
Pittsburg, PA) in a final reaction volume of 25 μL.  Cycling conditions were as 
follows:  2 minutes at 94°C, followed by 30 cycles of 1 minute at the appropriate 
annealing temperature (Table 4), and 1 minute at 72°C.  Following this initial 
PCR reaction, the PCR products were cleaned up using USB ExoSAP-IT reagent 
(Affymetrix, Santa Clara, CA) in accordance with manufacturer’s instructions.  
The cleaned up products resulting from this process were then employed as 
template in a second amplification reaction as preparation for sequencing.   
 For the sequencing reaction, a master mix was prepared for each primer 
consisting of 10 µL sterile water, 3µL BigDye Terminator v1.1/3.1 5X Sequencing 
Buffer (Applied Biosystems, Carlsbad, CA), 2 µL 10 mM individual primer (Table 
2), 2 µL BigDye v3.1 Ready Reaction Mix (Applied Biosystems, Carlsbad, CA), 
and 2 µL of cleaned up PCR product from each sample.  Cycling conditions were 
as follows:  30 seconds at 96°C, followed by 26 cycles of 15 seconds at 50°C, 
and 4 minutes at 60°C.  Prior to sequencing, ethanol precipitation was performed 
on each PCR product.  Twelve microliters of sterile water, 5 µL 3M ammonium 
acetate and 57 µL of 100% ethanol were added to each sample and mixed 
before centrifugation at 4,000 rpm for 30 minutes.  After discarding the 
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supernatant, 70 µL of 70% ethanol was added to each sample, and tubes were 
centrifuged at 4,000 rpm for 15 minutes.  The supernatant was discarded, and 10 
µL of dionized water was added to tubes which were vortexed to bring the DNA 
into solution.  The DNA was sequenced by the Oklahoma State University 
Recombinant DNA/Protein Core facility using an ABI Model 3730 DNA Analyzer 
(Applied Biosystems, Carlsbad, CA).  The resulting DNA sequences were 
aligned, trimmed, and analyzed using MEGA 4:  Molecular Evolutionary Genetics 
Analysis software (Tamura et al., 2007).   
Results 
  Multiple-locus Variable Number Tandem Repeat (VNTR) Analysis 
(MLVA).  MLVA typing of the master P.s. tomato DC3000 culture used to 
inoculate the experimental treatments resulted in a baseline fingerprint for the 
organism (Figure 1) in which the amplicon size for each primer pair was as 
expected (Table 2).  MLVA fingerprints obtained for sub-cultures 11, 22, 33, 44, 
55, 66, 77, 88, and 92 of non-mutagenized and mutagenized P.s. tomato 
DC3000 grown under optimal or sub-optimal conditions and P.s. tomato DC3000 
from each plant passage did not appear to change over time.  To ensure that no 
repeats were gained or lost over time, PCR products from amplification of each 
locus for all samples from each treatment were compared by gel electrophoresis.  
The bands were indistinguishable for all samples (Figures 2 and 3).     
 Multilocus Sequence Typing (MLST).  Sequences for each gene were 
aligned and trimmed to a consistent length (Table 5).  Analysis of the trimmed 
gene sequences from the master culture of P.s. tomato DC3000, sub-cultures 11, 
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22, 33, 44, 55, 66, 77, 88, and 92 of non-mutagenized and mutagenized P.s. 
tomato DC3000 grown under optimal or sub-optimal conditions and P.s. tomato 
DC3000 from each plant passage revealed no mutations during the sampling 
period.     
Discussion 
Attribution of a biocrime or bioterror event involving a plant pathogen may 
require a forensics laboratory to determine a microbial fingerprint or profile for the 
organism (Budowle et al., Pattnaik & Jana, 2005).  However, forensic techniques 
traditionally used for this purpose, such as MLVA and MLST, may be problematic 
for use with plant pathogens because long lag periods between the time that a 
pathogen is introduced and the discovery of the ensuing disease may provide 
ample time for the pathogen to undergo change in the regions of the genome 
employed in these assays (Madden & Wheelis, 2003; Nutter & Madden, 20009).  
For this reason, it is important to understand the types and rates of mutation 
within these regions and to assess the capability of these assays to reliably type 
pathogens that may have recently undergone evolution.   
Previous research has shown that VNTR loci may undergo mutation in 
response to serial passaging and environmental stressors, such as increased 
temperature, starvation, and irradiation (Her et al., 2009; Cooley et al., 2010).  
For example, E. coli O157:H7 grown with creek water as a sole nutrient source 
underwent triple- and quadruple-repeat changes within VNTR loci (Cooley et al., 
2010).  Similarly, a single B. abortus strain 544 was shown to gain a repeat in 
three observed VNTR loci during serial passaging; however, three other strains 
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of the pathogen showed no change (Her et al., 2009).  In this experiment, the 
MLVA fingerprint for P.s. tomato DC3000, generated using primers for 5 specific 
VNTR loci, did not change over time and was not affected by the experimental 
treatments.  These results indicate that the VNTR regions employed in the Pst 
MLVA assay are stable within the genome and are not affected by culturing 
conditions.   Thus, the assay could reliably type the organism in an investigation 
involving the pathogen; however, a similar experiment should be done in the field 
to ensure that other adverse natural conditions will have no effect on the validity 
of the assay.   
Our MLST results correspond with the previous findings that the core 
genome of P. syringae is highly clonal and displays very little genetic 
heterogeneity (Sarkar & Guttman, 2004).  Here, the nucleotide sequences of the 
7 housekeeping genes employed in the P.s. tomato MLST assay did not change 
over time and were not affected by the experimental treatments, indicating that 
MLST could also be employed successfully in an investigation involving the 
pathogen.  As MLST typing systems are particularly useful for detection of 
recombination, the results of the P.s. tomato MLST assay could be affected by 
the presence of other microorganism during growth of the pathogen (Sarkar & 
Guttman, 2004; Feil et al., 1999; Yan et al., 2008).  To further ensure the validity 
of the assay, a similar experiment should be done in the field under natural 
environmental conditions.   
The MLVA and MLST assays employed in this experiment were not 
affected by the various culturing conditions; however, it is important to note that 
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selection of different VNTR loci or housekeeping genes may have revealed 
changes within the P.s. tomato DC3000 genome, thus preventing their ability to 
reliably type a recently evolved strain.  The results of this experiment indicate 
that both MLVA and MLST typing systems could be employed in microbial 
forensics investigations involving P.s. tomato, but it does not mean that similar 
results can be expected with all plant pathogens.  Plant pathogens belong to a 
variety of kingdoms and genera and infect various plant hosts in many different 
environments, and it is likely that these factors will influence the specific mutation 
rate of each organism.  Experiments similar to those conducted here should be 
carried out with other important plant pathogens to ensure the validity of MLVA 
and MLST typing systems for those organisms.  In new pathogens, whole 
genome sequencing could be employed to identify stable VNTR loci and 
housekeeping genes within the genome that could be employed in development 
of MLVA and MLST assays for the pathogen of interest.    
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aFrom:  Baker, 2009
typing of P.s. tomato DC3000






























Table 2.  VNTR primers used in MLVA typing of P.s. tomato DC3000









































bPrimers from:  Sarker & Guttman, 2004
cPrimers from:  Sawada et al., 1999
aF-forward primer, R-reverse primer, p-PCR primer, s-sequencing primer





















Table 4.  P.s. tomato DC3000 MLST PCR primer annealing temperatures
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Figure 1.  Representative MLVA fingerprint for P.s. tomato DC3000.  Lane 1, 100 bp DNA ladder; 
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Figure 2.  Comparison of agarose gel analysis of MLVA performed on P.s. tomato DC3000  
exposed to various experimental treatments.  Panel A, P.s. tomato DC3000 exposed to optimum 
growth conditions; panel B, P.s. tomato DC3000 exposed to sub-optimal growth conditions; panel 
C, mutagenized P.s. tomato DC3000 exposed to optimum growth conditions.  Lane 1, 100 bp DNA 
ladder; lane 2, original P.s. tomato DC3000 culture used in treatment preparation; lane 3, sub-
cutlure 11; lane 4, sub-culture 22; lane 5, sub-culture 33;  lane 6, sub-culture 44; lane 7, sub-culture 
55; lane 8, sub-culture 66; lane 9, sub-culture 77; lane 10, sub-culture 88, lane 11; sub-culture 92. 
 



























Locus   715 
Locus 1570 
Locus 1929 
Locus   337 
Locus   919 
2 3 1 4 5 6 7 8 
Figure 3.  Comparison of agarose gel analysis of MLVA performed on P.s. tomato DC3000 after 
passage through tomato.  Lane 1, 100 bp DNA ladder; lane 2, passage 1; lane 3, passage 2; lane 












aFrom:  Sarkar & Guttman, 2004
MLST assay.













COLLECTION OF RAW DATA FROM THE VALIDATION OF A REAL-TIME PCR 































1 Und No No No
2 Und No No No
3 Und No No No
4 Und No No No
5 Und No No No
6 Und No No No
7 Und No No No
8 Und No No No
1 22.86 Yes Yes Yes
2 23.07 Yes Yes Yes
3 23.18 Yes Yes Yes
4 22.85 Yes Yes Yes
5 23.54 Yes Yes Yes
6 23.41 Yes Yes Yes
7 23.37 Yes Yes Yes
8 23.19 Yes Yes Yes
1 26.35 Yes Yes Yes
2 26.60 Yes Yes Yes
3 26.36 Yes Yes Yes
4 26.46 Yes Yes Yes
5 26.77 Yes Yes Yes
6 26.69 Yes Yes Yes
7 26.71 Yes Yes Yes
8 26.48 Yes Yes Yes
1 29.56 Yes Yes Yes
2 30.00 Yes Yes Yes
3 29.78 Yes Yes Yes
4 29.66 Yes Yes Yes
5 30.29 Yes Yes Yes
6 30.59 Yes Yes Yes
7 29.34 Yes Yes Yes
8 30.17 Yes Yes Yes
1 32.82 Yes Yes Yes
2 32.89 Yes Yes Yes
3 32.58 Yes Yes Yes
4 32.91 Yes Yes Yes
5 33.38 Yes Yes Yes
6 33.21 Yes Yes Yes
7 33.15 Yes Yes Yes



























1 35.37 Yes Yes Yes
2 34.20 Yes Yes Yes
3 34.39 Yes Yes Yes
4 34.64 Yes Yes Yes
5 35.82 Yes Yes Yes
6 35.35 Yes Yes Yes
7 34.96 Yes Yes Yes
8 35.70 Yes Yes Yes
1 35.97 Yes Yes Yes
2 35.30 Yes Yes Yes
3 35.88 Yes Yes Yes
4 35.90 Yes Yes Yes
5 36.09 Yes Yes Yes
6 36.12 Yes Yes Yes
7 35.82 Yes Yes Yes
8 36.76 Yes Yes Yes
1 40.32 Yes Yes Yes
2 39.76 Yes Yes Yes
3 40.86 Yes Yes Yes
4 39.31 Yes Yes Yes
5 40.11 Yes Yes Yes
6 -- Yes Yes Yes
7 39.95 Yes Yes Yes












































Neg Con Und No No No Neg Con Und No No No
1 35.39 Yes Yes Yes 1 38.10 Yes Yes Yes
2 35.92 Yes Yes Yes 2 38.66 Yes Yes Yes
3 36.13 Yes Yes Yes 3 39.44 Yes Yes Yes
4 35.90 Yes Yes Yes 4 37.20 Yes Yes Yes
5 35.88 Yes Yes Yes 5 38.42 Yes Yes Yes
6 36.36 Yes Yes Yes 6 37.27 Yes Yes Yes
7 35.49 Yes Yes Yes 7 38.04 Yes Yes Yes
8 36.21 Yes Yes Yes 8 37.57 Yes Yes Yes
9 36.38 Yes Yes Yes 9 36.93 Yes Yes Yes
10 35.93 Yes Yes Yes 10 37.63 Yes Yes Yes
11 35.34 Yes Yes Yes 11 38.14 Yes Yes Yes
12 35.89 Yes Yes Yes 12 37.95 Yes Yes Yes
13 36.44 Yes Yes Yes 13 38.56 Yes Yes Yes
14 36.33 Yes Yes Yes 14 36.53 Yes Yes Yes
15 35.88 Yes Yes Yes 15 37.45 Yes Yes Yes
16 35.59 Yes Yes Yes 16 37.49 Yes Yes Yes
17 38.65 Yes Yes Yes 17 38.57 Yes Yes Yes
18 37.93 Yes Yes Yes 18 *40.21 Yes Yes Yes
19 *41.45 Yes Yes Yes 19 *40.19 Yes Yes Yes
20 38.22 Yes Yes Yes 20 39.48 Yes Yes Yes
Table 2. LOD of P.s. tomato real-time PCR assay on genomic DNA
1Und - Undetermined
*Ct values ≥ 40 were not used to calculate Ct avg, std dev, or %CV















Und No No No
Und No No No
Und No No No
23.98 Yes Yes Yes
24.19 Yes Yes Yes
24.11 Yes Yes Yes
31.10 Yes Yes Yes
31.45 Yes Yes Yes
31.32 Yes Yes Yes
37.71 Yes Yes Yes
37.65 Yes Yes Yes
38.43 Yes Yes Yes
39.79 Yes Yes Yes
39.12 Yes Yes Yes
38.99 Yes Yes Yes
26.32 Yes Yes Yes
26.43 Yes Yes Yes
26.17 Yes Yes Yes
37.25 Yes Yes Yes
36.81 Yes Yes Yes
37.85 Yes Yes Yes
38.10 Yes Yes Yes
35.48 Yes Yes Yes
37.67 Yes Yes Yes
38.95 Yes Yes Yes
38.87 Yes Yes Yes
38.86 Yes Yes Yes
37.76 Yes Yes Yes
36.51 Yes Yes Yes
36.88 Yes Yes Yes
36.52 Yes Yes Yes
36.76 Yes Yes Yes
36.79 Yes Yes Yes
36.24 Yes Yes Yes
36.41 Yes Yes Yes
35.13 Yes Yes Yes
39.59 Yes Yes Yes
38.66 Yes Yes Yes
39.90 Yes Yes Yes
2844
JL1035















31.59 Yes Yes Yes
31.78 Yes Yes Yes
29.41 Yes Yes Yes
33.32 Yes Yes Yes
32.87 Yes Yes Yes
33.18 Yes Yes Yes
TF1
IPV-B0















































Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
*32.89 No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No



















Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No




































Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Horse
























Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
R. rhizogenes

















Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No





















































Und No No No
Und No No No
Und No No No
24.27 Yes Yes Yes
24.38 Yes Yes Yes
24.13 Yes Yes Yes
28.21 Yes Yes Yes
26.99 Yes Yes Yes
28.50 Yes Yes Yes
31.76 Yes Yes Yes
32.19 Yes Yes Yes
32.45 Yes Yes Yes
34.98 Yes Yes Yes
36.70 Yes Yes Yes
35.80 Yes Yes Yes
37.90 Yes Yes Yes
39.50 Yes Yes Yes
39.24 Yes Yes Yes
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
23.27 Yes Yes Yes
24.68 Yes Yes Yes
24.02 Yes Yes Yes
28.56 Yes Yes Yes
27.47 Yes Yes Yes
27.98 Yes Yes Yes
31.14 Yes Yes Yes
32.64 Yes Yes Yes
30.07 Yes Yes Yes
36.68 Yes Yes Yes
35.91 Yes Yes Yes
34.83 Yes Yes Yes
37.20 Yes Yes Yes
37.44 Yes Yes Yes
39.30 Yes Yes Yes
Und No No No
Und No No No






































Und No No No
Und No No No
Und No No No
24.84 Yes Yes Yes
25.07 Yes Yes Yes
23.90 Yes Yes Yes
28.27 Yes Yes Yes
28.21 Yes Yes Yes
27.24 Yes Yes Yes
32.24 Yes Yes Yes
29.94 Yes Yes Yes
29.83 Yes Yes Yes
35.40 Yes Yes Yes
35.56 Yes Yes Yes
35.26 Yes Yes Yes
39.74 Yes Yes Yes
35.86 Yes Yes Yes
40.30 Yes Yes Yes
40.75 No No No
41.06 No No No
40.03 No No No
Und No No No
Und No No No
Und No No No
24.38 Yes Yes Yes
23.93 Yes Yes Yes
23.55 Yes Yes Yes
27.44 Yes Yes Yes
28.36 Yes Yes Yes
27.01 Yes Yes Yes
31.43 Yes Yes Yes
30.95 Yes Yes Yes
31.42 Yes Yes Yes
35.60 Yes Yes Yes
36.06 Yes Yes Yes
36.13 Yes Yes Yes
40.69 Yes Yes Yes
39.09 Yes Yes Yes
38.75 Yes Yes Yes
Und No No No
Und No No No










































Und No No No
Und No No No
Und No No No
25.20 Yes Yes Yes
25.09 Yes Yes Yes
25.19 Yes Yes Yes
28.46 Yes Yes Yes
29.00 Yes Yes Yes
32.01 Yes Yes Yes
32.61 Yes Yes Yes
30.18 Yes Yes Yes
32.21 Yes Yes Yes
35.85 Yes Yes Yes
36.72 Yes Yes Yes
35.57 Yes Yes Yes
Und Yes Yes Yes
40.66 Yes Yes Yes
42.32 Yes Yes Yes
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
24.29 Yes Yes Yes
25.19 Yes Yes Yes
26.29 Yes Yes Yes
28.58 Yes Yes Yes
27.77 Yes Yes Yes
30.26 Yes Yes Yes
33.05 Yes Yes Yes
32.17 Yes Yes Yes
33.95 Yes Yes Yes
36.26 Yes Yes Yes
36.79 Yes Yes Yes
36.93 Yes Yes Yes
41.05 Yes Yes Yes
Und Yes Yes Yes
41.75 Yes Yes Yes
Und No No No
Und No No No










































Und No No No
Und No No No
Und No No No
24.71 Yes Yes Yes
24.88 Yes Yes Yes
24.89 Yes Yes Yes
28.24 Yes Yes Yes
27.66 Yes Yes Yes
28.19 Yes Yes Yes
32.35 Yes Yes Yes
33.50 Yes Yes Yes
30.84 Yes Yes Yes
35.78 Yes Yes Yes
36.93 Yes Yes Yes
38.36 Yes Yes Yes
Und Yes Yes Yes
40.19 Yes Yes Yes
39.64 Yes Yes Yes
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
Und No No No
24.57 Yes Yes Yes
24.01 Yes Yes Yes
25.14 Yes Yes Yes
25.76 Yes Yes Yes
28.61 Yes Yes Yes
26.85 Yes Yes Yes
30.71 Yes Yes Yes
33.66 Yes Yes Yes
32.82 Yes Yes Yes
36.51 Yes Yes Yes
36.89 Yes Yes Yes
36.10 Yes Yes Yes
39.88 Yes Yes Yes
36.92 Yes Yes Yes
42.82 Yes Yes Yes
Und No No No
Und No No No













































































Figure 1.  MLVA fingerprint for original culture of P.s. 
tomato DC3000.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 
lane 6, DNA amplified with locus 919/920 primers.    
Figure 2.  MLVA fingerprint for sub-culture 11 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 












Figure 3.  MLVA fingerprint for sub-culture 22 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 4.  MLVA fingerprint for sub-culture 33 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 












Figure 6.  MLVA fingerprint for sub-culture 55 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 5.  MLVA fingerprint for sub-culture 44 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 













Figure 8.  MLVA fingerprint for sub-culture 77 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 7.  MLVA fingerprint for sub-culture 66 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 












Figure 10.  MLVA fingerprint for sub-culture 92 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 9.  MLVA fingerprint for sub-culture 88 of P.s. 
tomato DC3000 grown under optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 













Figure 12.  MLVA fingerprint for sub-culture 22 of P.s. 
tomato DC3000 grown under sub-optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 11.  MLVA fingerprint for sub-culture 11 of P.s. 
tomato DC3000 grown under sub-optimal conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 













Figure 14.  MLVA fingerprint for sub-culture 44 of P.s. 
tomato DC3000 grown under sub-optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 13.  MLVA fingerprint for sub-culture 33 of P.s. 
tomato DC3000 grown under sub-optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 












Figure 16.  MLVA fingerprint for sub-culture 66 of P.s. 
tomato DC3000 grown under sub-optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 15.  MLVA fingerprint for sub-culture 55 of P.s. 
tomato DC3000 grown under sub-optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 












Figure 18.  MLVA fingerprint for sub-culture 88 of P.s. 
tomato DC3000 grown under sub-optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 17.  MLVA fingerprint for sub-culture 77 of P.s. 
tomato DC3000 grown under sub-optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 












Figure 19.  MLVA fingerprint for sub-culture 92 of P.s. 
tomato DC3000 grown under sub-optimum conditions.  
Lane 1, 100 bp DNA ladder (Invitrogen, Carlsbad, CA); 
lane 2, DNA amplified with locus 715 primer; lane 3, 
DNA amplified with locus 1570 primers; lane 4, DNA 
amplified with locus 1929 primers; lane 5, DNA 
amplified with locus 337 primers; lane 6, DNA amplified 
with locus 919/920 primers.    
 
Figure 20.  MLVA fingerprint for original mutagenized 
culture of P.s. tomato DC3000.  Lane 1, 100 bp DNA 
ladder (Invitrogen, Carlsbad, CA); lane 2, DNA 
amplified with locus 715 primer; lane 3, DNA amplified 
with locus 1570 primers; lane 4, DNA amplified with 
locus 1929 primers; lane 5, DNA amplified with locus 
337 primers; lane 6, DNA amplified with locus 919/920 












Figure 21.  MLVA fingerprint for sub-culture 11 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 
lane 6, DNA amplified with locus 919/920 primers.    
 
Figure 22.  MLVA fingerprint for sub-culture 22 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 












Figure 24.  MLVA fingerprint for sub-culture 44 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 
lane 6, DNA amplified with locus 919/920 primers.    
 
Figure 23.  MLVA fingerprint for sub-culture 33 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 












Figure 26.  MLVA fingerprint for sub-culture 66 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 
lane 6, DNA amplified with locus 919/920 primers.    
 
Figure 25.  MLVA fingerprint for sub-culture 55 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 












Figure 28.  MLVA fingerprint for sub-culture 88 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 
lane 6, DNA amplified with locus 919/920 primers.    
 
Figure 27.  MLVA fingerprint for sub-culture 77 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 












Figure 29.  MLVA fingerprint for sub-culture 92 of 
mutagenized P.s. tomato DC3000 grown under 
optimum conditions.  Lane 1, 100 bp DNA ladder 
(Invitrogen, Carlsbad, CA); lane 2, DNA amplified with 
locus 715 primer; lane 3, DNA amplified with locus 
1570 primers; lane 4, DNA amplified with locus 1929 
primers; lane 5, DNA amplified with locus 337 primers; 
lane 6, DNA amplified with locus 919/920 primers.    
 
Figure 30.  MLVA fingerprint for P.s. tomato DC3000 
after 1 passage through tomato .  Lane 1, 100 bp DNA 
ladder (Invitrogen, Carlsbad, CA); lane 2, DNA 
amplified with locus 715 primer; lane 3, DNA amplified 
with locus 1570 primers; lane 4, DNA amplified with 
locus 1929 primers; lane 5, DNA amplified with locus 
337 primers; lane 6, DNA amplified with locus 919/920 












Figure 31.  MLVA fingerprint for P.s. tomato DC3000 
after 2 passages through tomato.  Lane 1, 100 bp DNA 
ladder (Invitrogen, Carlsbad, CA); lane 2, DNA 
amplified with locus 715 primer; lane 3, DNA amplified 
with locus 1570 primers; lane 4, DNA amplified with 
locus 1929 primers; lane 5, DNA amplified with locus 
337 primers; lane 6, DNA amplified with locus 919/920 
primers.    
 
Figure 32.  MLVA fingerprint for P.s. tomato DC3000 
after 3 passages through tomato.  Lane 1, 100 bp DNA 
ladder (Invitrogen, Carlsbad, CA); lane 2, DNA 
amplified with locus 715 primer; lane 3, DNA amplified 
with locus 1570 primers; lane 4, DNA amplified with 
locus 1929 primers; lane 5, DNA amplified with locus 
337 primers; lane 6, DNA amplified with locus 919/920 













Figure 33.  MLVA fingerprint for P.s. tomato DC3000 
after 4 passages through tomato.  Lane 1, 100 bp DNA 
ladder (Invitrogen, Carlsbad, CA); lane 2, DNA 
amplified with locus 715 primer; lane 3, DNA amplified 
with locus 1570 primers; lane 4, DNA amplified with 
locus 1929 primers; lane 5, DNA amplified with locus 
337 primers; lane 6, DNA amplified with locus 919/920 
primers.    
 
Figure 34.  MLVA fingerprint for P.s. tomato DC3000 
after 5 passages through tomato.  Lane 1, 100 bp DNA 
ladder (Invitrogen, Carlsbad, CA); lane 2, DNA 
amplified with locus 715 primer; lane 3, DNA amplified 
with locus 1570 primers; lane 4, DNA amplified with 
locus 1929 primers; lane 5, DNA amplified with locus 
337 primers; lane 6, DNA amplified with locus 919/920 











Figure 35.  MLVA fingerprint for P.s. tomato DC3000 
after 6 passages through tomato.  Lane 1, 100 bp DNA 
ladder (Invitrogen, Carlsbad, CA); lane 2, DNA 
amplified with locus 715 primer; lane 3, DNA amplified 
with locus 1570 primers; lane 4, DNA amplified with 
locus 1929 primers; lane 5, DNA amplified with locus 
337 primers; lane 6, DNA amplified with locus 919/920 
primers.    
 
Figure 36.  MLVA fingerprint for P.s. tomato DC3000 
after 7 passages through tomato.  Lane 1, 100 bp DNA 
ladder (Invitrogen, Carlsbad, CA); lane 2, DNA 
amplified with locus 715 primer; lane 3, DNA amplified 
with locus 1570 primers; lane 4, DNA amplified with 
locus 1929 primers; lane 5, DNA amplified with locus 
337 primers; lane 6, DNA amplified with locus 919/920 





























Acn Gene Sequences 











































































































































































































































































































































































































































































































































































































































Cts Gene Sequences 









































































































































































































































































































Sub-culture 11 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 22 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 33 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 44 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 55 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 66 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 77 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 88 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 92 of mutagenized P.s. tomato DC3000 grown under optimum 









































































































































GapA Gene Sequences 
















































































































































































































































































































































Sub-culture 11 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 22 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 33 of mutagenized P.s. tomato DC3000 grown under optimum 


















Sub-culture 44 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 55 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 66 of mutagenized P.s. tomato DC3000 grown under optimum 


















Sub-culture 77 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 88 of mutagenized P.s. tomato DC3000 grown under optimum 

















Sub-culture 92 of mutagenized P.s. tomato DC3000 grown under optimum 














































































































































GyrB Gene Sequences 





















































































































































































































































































































Sub-culture 11 of mutagenized P.s. tomato DC3000 grown under optimum 















Sub-culture 22 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 33 of mutagenized P.s. tomato DC3000 grown under optimum 















Sub-culture 44 of mutagenized P.s. tomato DC3000 grown under optimum 















Sub-culture 55 of mutagenized P.s. tomato DC3000 grown under optimum 

















Sub-culture 66 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 77 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 88 of mutagenized P.s. tomato DC3000 grown under optimum 

















Sub-culture 92 of mutagenized P.s. tomato DC3000 grown under optimum 




































































































































Pfk Gene Sequences 

































































































































































































































































































































































































Sub-culture 11 of mutagenized P.s. tomato DC3000 grown under optimum 


















Sub-culture 22 of mutagenized P.s. tomato DC3000 grown under optimum 



















Sub-culture 33 of mutagenized P.s. tomato DC3000 grown under optimum 





















Sub-culture 44 of mutagenized P.s. tomato DC3000 grown under optimum 



















Sub-culture 55 of mutagenized P.s. tomato DC3000 grown under optimum 




















Sub-culture 66 of mutagenized P.s. tomato DC3000 grown under optimum 



















Sub-culture 77 of mutagenized P.s. tomato DC3000 grown under optimum 


















Sub-culture 88 of mutagenized P.s. tomato DC3000 grown under optimum 



















Sub-culture 92 of mutagenized P.s. tomato DC3000 grown under optimum 











































































































































































Pgi Gene Sequences 




























































































































































































































































































































Sub-culture 11 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 22 of mutagenized P.s. tomato DC3000 grown under optimum 















Sub-culture 33 of mutagenized P.s. tomato DC3000 grown under optimum 















Sub-culture 44 of mutagenized P.s. tomato DC3000 grown under optimum 

















Sub-culture 55 of mutagenized P.s. tomato DC3000 grown under optimum 















Sub-culture 66 of mutagenized P.s. tomato DC3000 grown under optimum 















Sub-culture 77 of mutagenized P.s. tomato DC3000 grown under optimum 

















Sub-culture 88 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 92 of mutagenized P.s. tomato DC3000 grown under optimum 


























































































































RpoD Gene Sequences 
 































































































































































































































































































Sub-culture 11 of mutagenized P.s. tomato DC3000 grown under optimum 













Sub-culture 22 of mutagenized P.s. tomato DC3000 grown under optimum 













Sub-culture 33 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 44 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 55 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 66 of mutagenized P.s. tomato DC3000 grown under optimum 
















Sub-culture 77 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 88 of mutagenized P.s. tomato DC3000 grown under optimum 














Sub-culture 92 of mutagenized P.s. tomato DC3000 grown under optimum 
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An assessment of U.S. natural security conducted after the anthrax mail 
attacks of 2001 suggested that the agricultural sector is vulnerable to bioterrorist 
threats.  To prepare for investigation of such events, a national capability in microbial 
forensics and forensic plant pathology is needed.  As part of this program forensic 
methods must be developed and validated for use with plant pathogens and 
environmental samples associated with agricultural settings.  This work describes:  
(1) the development and rigorous validation of a real-time PCR assay for bioforensic 
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Findings and Conclusions:   
 
 The P.s. tomato detection assay is highly reproducible, displays linear 
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target nucleic acid, and is specific to P.s. tomato.  Linear amplification of the positive 
control plasmid was also observed.  Results obtained during validation of the P.s. 
tomato assay provide a template for the development and validation of similar 
assays for plant pathogens of high consequence.    
 The MLVA fingerprints and MLST profiles from sub-cultured P.s. tomato 
DC3000 remained consistent throughout the experiment indicating that the selected 
genetic markers did not change over time.  Thus, the specific MLVA and MLST 
typing systems used in this experiment should be reliable if used in a forensics 
investigation involving P.s. tomato.   
Further research should be conducted in a field setting to ensure that the 
assays can reliably type P.s. tomato infecting plants in their natural environment.  
Additionally, for use in typing other high consequence plant pathogens care should 
be taken to ensure that stable genetic loci are chosen as certain pathogens may 
display faster rates of mutation than P.s. tomato. 
